At the end of the 1980s other digital methods of otherwise identical pulses and their density (the spacing between them). Both of the latter were also 1. INTRODUCTION explored by Reeves; the former is used today in the Most people are unaware that our current transition similar techniques of pulse-width modulation (PWM, from analogue to digital technology is the second used by Yamaha and Technics), pulse-length modustage in a development that began around the middle lation (PLM, used by Sony) and pulse-edge moduof the last century, culminating in the mid-1870s. Up lation (PEM, used by JVC), while the latter is the to then all communications had been digital, 1 though basis of Philips' pulse-density modulation (PDM). not necessarily binary, for example the electric teleSince the late 1970s the term 'sampling' has been graph and Morse code as well as much older nonapplied in music to the method by which special electrical systems like semaphore and Native Amermusical instruments or apparatus digitally 'record' ican smoke signals. It was the virtually simultaneous external sounds for subsequent resynthesis. The term invention of the telephone (Alexander Graham Bell) was, however, originally used to describe how the and the phonograph (Thomas Alva Edison) that ushwaveform of any sound could be analysed and͞or ered in a century of analogue technology. synthesised in PCM simply by measuring its ampliThe principal technique used in our second digital tude or loudness level at each of a sequence of vertical era was devised by Alec Reeves in 1937-8 under the 'slices' taken many thousand of times per second name pulse-code modulation (PCM), in which error (figure 2). Because, for musical purposes, these slices correction was also foreseen (Atherton 1988). Reeves, are normally made at a frequency of between 40,000 a researcher in telephony for ITT (later STC) in Paris, and 50,000 times per second (in other words more developed PCM after experimenting with pulsethan twice the highest audible frequencies), every amplitude, pulse-width and pulse-time (or pulsenuance of even the most complex waveforms can be position) modulation (figure 1). In the 1990s it is hard captured (Watkinson 1991). for us to imagine the difficulties that were involved in Edison's cylinder phonograph was the first system devising such a new digital system in an analogue ever devised for both storing and replaying any world, and indeed it was not until the introduction of chosen sound or sequence of sounds. It involved a semiconductors that this approach became practical. special storage medium on which the recording could The first simple PCM system for radio telephony be permanently retained. With the new analogue was operational by 1943; later Reeves' work was techniques that Edison and Bell had introduced into developed elsewhere, including a team at Bell Labs a digital world it is hardly surprising that they did headed by Harold Black (1947-8).
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not foresee how substantially their inventions would affect the future of the whole planet, and indeed for (a) constructed), to teach the relationship between each letter of the alphabet and its sound: a set of typewriter keys, each labelled with a single letter, activated the playback of individual sections of a long cylinder that contained the spoken forms of those particular letters.
In the subsequent century many other recording systems were developed, both analogue and, more (b) recently, digital, all of which have been proposed or utilised as the basis for musical instruments and comparable systems, whereby, cuckoo-like, the instrument has no voice of its own, but can be said to 'speak with the voice of another instrument' (Wiffen n.d. [?1991]) . For the lack of any better word, sampling is used in this survey to describe all of these methods of storing and replaying sounds, using both (c) analogue and digital techniques. Indeed, recent terminology describing digital systems can not only be usefully applied to analogue ones but also gives us greater insight into the ideas and ingenuity behind them. 
EARLY IMITATIONS OF SPEECH AND OTHER MUSICAL INSTRUMENTS
The concept of one instrument that sounds like another is not a new one. In Roman times one of the oldest instruments, the hydraulis, the early pneumatically powered pipe organ, was expanded by adding (e) separately controllable parallel sets of pipes (ranks) which were later to be identified by the names of other instruments whose timbres they most closely resembled, leading to the large multitimbral instruments that were installed in many mediaeval European cathedrals. By the eighteenth century birdsong imitations and percussive sound effects were occasionally incorporated. From around 1800 a number of large mechanical organs known as orchestrions instruments. In the second half of the twentieth cenof an analogue signal requires values both for time (horitury imitations of earlier instruments became availzontal axis) and for amplitude (vertical axis). All measureable on electronic keyboard instruments, and after ments of a digital signal are related to a constant, very the supplanting of analogue synthesizers by digital short time unit, so that only one value is needed: these diaones during the 1980s, manufacturers even began to grams show the signal depicted by pulse amplitude (b), cater for musicians' nostalgia by incorporating digital width (c), time displacement (d) and, the simplest, its coded equivalents of the timbres of some of their analogue binary numerical value (pulse code) (e). The dotted line in predecessors; their programmability also made it (a) is a representation of the zero amplitude axis normally used to show the positive and negative values of an anacomparatively simple for users to create their own logue signal. In all diagrams of figure 1 this zero line has timbres, and in some cases to set up small third-party been lowered so that the base line is now zero. This avoids mail order businesses to sell them to other owners. the use of complex coding systems to represent negative There has also been a long history of speech synnumbers.
thesis, in which the human voice is artificially recreated, for a variety of motives (Davies 1979) . This goes back to very early myths and legends, especially from China, such as a bamboo spike fixed below a are to be discovered, today's sophisticated laser beam technology (as used in compact disc players and in a very expensive high-tech LP record player marketed since 1990 by Elp in Japan) with computer enhancement should prove more successful than the experiments carried out by these two men.
Out of all of these ideas, it is only in the case of the decorated pots and the myth of the Chinese temple door, however, that sounds could have been organ pipes and reeds, using a completely different (Davies 1984) . Simple of inscribing recordings of musical notes onto rotatapparatus for imitating animal sounds from the late ing magnetic discs, formed part of his US patent eighteenth century onwards featured string-pulled 1218324 (applied for in 1907, but only finally granted miniature bellows; mouth-blown bird calls and in 1917). whistles are, of course, much more ancient.
After World War I other inventors patented, and Finally, the very earliest, albeit unwitting, form of in some cases constructed, musical instruments that sampling. In the late 1960s Dr Richard Woodbridge were based on one or other of the then currently experimented with retrieving sounds (but did not sucavailable sound recording techniques (Davies 1984) . ceed in his real aim, actual speech) that were 'recordIn parallel with the development of the magnetic ed' from the immediate environment during the recorder as a dictating machine during the 1920s, decoration of some antique pots, where a pointed early patents were granted to K. Fiala (Germany, stick was used to make fine grooves while the potter's 1920), R. Michel (Germany, 1925), A. Douilhet wheel was turning; these sounds obviously included (France, 1925) and, especially, Charles-Emile the noises made by the wheel itself (Woodbridge Hugoniot (France, 1921-2) for instruments in which 1969). A report on this inspired Gregory Benford's electromagnetic wires, discs or cylinders were the science fiction story Time Shards.
2 A decade later Woodbridge's idea was explored independently by Dr 3 An exact contemporary of the historically better-known pionPeter Lewin in Toronto. If any such ancient sounds eering Telharmonium, the Choralcelo was first demonstrated in 1909. It resembled a two-manual organ; it not only had a normal piano mechanism but also produced sustained organ-like timbres 2 A researcher's long-awaited discovery of actual 'recorded' speech turns out to consist mainly of everyday chatter; planned for by electromagnetically vibrating the piano strings as well as bars and sheets of glass, wood and metal, using rotating magnetic discs inclusion in a time capsule, perhaps this will not seem any more consequential to the capsule's future discoverers than the rest of and wheels. For all of this a special machine room was required. Several instruments were installed in private homes in the USA. its contents.
(a) recording media. Around 1930 A. Schmalz and Earle L. Kent also explored such approaches, the latter with loops of metal ribbon, and in 1942 a young Cuban composer, Juan Blanco, proposed a Multiorgan based on wire loops, but could not afford the fee to patent it. Electrostatic discs containing sampled waveforms photo-etched from oscillograms were proposed in a British patent by Estell Scott (1937). Other similar patents were taken out up to at least 1950 (e.g. Graydon F. Illsey, for magnetic discs), but none of them led to an effective instrument. It was not until 1964 that a successful instrument based on the mag- (b) netic tape recording technology of the time was marketed, which is normally considered to have been the first 'sampler': the Mellotron.
The problems that arose with early electromagnetic systems included the lack of an adequate frequency response, the difficulty of creating a magnetisable surface that was completely constant and the wear and tear produced by its contact with a playback head. Of these, only the latter affected musical instruments based on gramophone discs, but although these were explored in the late 1920s by J. B. Blossom, N. Banks-Cregier and others, they were nevertheless unsuccessful.
ANALOGUE SAMPLING: PHOTOELECTRIC
The introduction of the optical film soundtrack for the sound film at the end of the 1920s added a powerful new recording medium in which many of the thus avoiding the wear and tear of direct contact with the surface of the recording. Many of these systems used a principle derived from that of the siren, interfiles. These therefore produced synthesised and not sampled sounds. In the second method, visual reprupting the light beam by a rotating opaque disc in which holes or slits had been cut (sometimes in comresentations of sounds from existing musical instruments, such as could be shown on a cathode ray tube, bination with a static waveform mask); these do not concern us here, but a few were based on transparent were photographed. (Existing photographic images that do not represent acoustic sources can also be glass or celluloid discs on which photographically derived waveforms were outlined ( figure 3(b) ).
used, as in Guy Sherwin's short abstract films Speed and Sound and Musical Stairs (both 1977) , in which These discs were created by one of two techniques. In the first, more common method, the waveforms moving images of railway tracks and the steps of a metal staircase are also the source of the optical were initially drawn by hand and then photographed, as in the work of Norman McLaren (Davies 1984) ; soundtrack.) The difference between these two techniques does some more experimental approaches even involved photographing letters of the alphabet and facial pronot necessarily produce any great difference in the resulting sound, especially if an accurate visual repthat directly or indirectly influenced nearly all subresentation is copied by hand; it is comparable, in sequent tape-based compositions. For the first three today's terms, to the difference between a realistic years, however, this was carried out not with tape digitally synthesised imitation of an existing instrurecorders but with the older disc apparatus. Just as ment and a sampled recording of the same instruwith the earliest Edison phonographs, machines were ment. Among the dozen or so photoelectric available both for recording sounds onto disc and for instruments invented in this period, at least three replaying (as well as mixing) them. A particular techinvolved sampled sounds (Rhea 1977 , Davies 1984 : nique devised by Schaeffer was the sillon fermé these were the Hardy-Goldthwaite organ (New York, (closed or locked groove) in which -similar to the c. 1930), Edwin Welte's Lichtton- Orgel (1934-6) , with later tape loop -a short sound was recorded in a discs that were mainly derived from recordings of groove that formed a complete circle rather than famous European pipe organs (Davies 1984) , andspiralling inwards. Schaeffer's diary for 1948 documainly used for sound effects -the Singing Keyboard ments the various stages that led him to this new (Frederick R. Sammis, Hollywood, c. 1936) . The latmedium, which were initially influenced by the trater was the closest to the Mellotron: a short length of ditional approach of making music with musical film with optical soundtrack was assigned to each key instruments in real time. These included the idea of and played back when that key was depressed. Two an organ based on gramophone turntables (April further pioneers of photoelectric instruments of the 1948), even imagining himself, Hollywood style, surperiod, Emmerich Spielmann (Austria) in 1931 and rounded by 'twelve dozen' turntables (Schaeffer Pierre Toulon (France) in the mid-1930s, proposed 1952). Indeed, he developed a great facility in the sampled photoelectric discs, but did not construct studio for 'performing' the playback and level consuch systems, while patents from the period include trols of several (often four) playback turntables for systems based on film loops by Victor H. Severy and creating his early sound collages, thus putting by Clet Bedu, and on discs by the Bechstein piano together -especially if the discs contained more than company.
one closed groove -a type of sampling machine. A further early application of sampling on optical History, however, led Schaeffer in a different discs was for storing both sound and speech in some direction. Perhaps the most radical feature of his telephone speaking clocks from the mid-1930s. (1950) for double orchestra, three prerecorded 78 rpm was in use in twelve more cities. It contained four discs (instrumental sounds) and live electronic treatseparate concentrically banded discs for different segments of the spoken message plus the three electronic ments of the type that could be carried out at any timing 'pips' ('At the third stroke it will be . . . prebroadcasting station of the period. cisely: * * * '). One of these machines has been restored and can be seen and heard in the Museum 6. THE TAPE RECORDER of Science and Industry in Birmingham, UK, while the prototype for the Mk. II version (1954) (1974) , which was virtually a polyphonic synthesizer carefully prepared short tape loops; used in different ways a loop could, regularly or irregularly, impose in which the waveforms were loaded from punched computer cards (Carson 1995) . These two instrunot only a rhythmic pattern but also vibrato, a dynamic outline or an envelope on a single sound ments were followed in 1979-80 by the first versions of the Fairlight CMI, the Synclavier and the Emusource. Such techniques were not restricted to musique concrète studios; they were also, for lator, all of which were capable of creating new samples. example, a significant feature of the earliest work in the electronic music studio at the WDR in Cologne.
Digital sampling involves the assessment in terms of amplitude of the waveform of the sound to be Special-purpose tape recorders from the early 1950s include the Heiss-Vollmer machine, which permitted recorded, which is sampled in tiny slices at a rate normally between 15 kHz (for telephony) and 50 kHz. superimposition on a single machine (based on an idea from the WDR studio), and the Springer Such an analysis is the exact reverse of digital synthesis (and thus closely related), whereby a sound is machine (and its later derivative the Tempophon), in which a rotating head enabled either duration or assembled from a series of similar tiny slices and by a digital-to-analogue converter (figure 2). Since any pitch to be modified -rather than both simultaneously.
waveform can be plotted in terms of loudness variations vs time, a digital analysis or synthesis of its Commercial performance instruments based on the tape recorder followed soon afterwards. In the contour, however complex, by means of a sequence of sampling slices is sufficient to establish not only its 1960s the first successful sampling instrument, the Mellotron (later, for legal reasons, manufactured as timbre but also its dynamic level. Given this relationship between sampling and digital synthesis, it is not the Novatron), was based, much like the Singing Keyboard, on short lengths of magnetic tape (Davies too surprising to learn that the designers who founded the Ensoniq company in the mid-1980s 1984, Vail 1991 , Elleridge 1993 . Only small quantities of its immediate predecessor, Harry Chamberlin's found that the digital synthesis chip they had developed for their first product was also ideal for samRhythmate (1952 to c. 1980), were built, and neither of its 1970s offspring (using eight-track tape carpling. Thus they decided to launch the company with the highly successful Mirage keyboard sampler. tridges), Dave Biro and Rick Wakeman's Birotron and the Bandmaster Powerhouse rhythm machine,
In the same period the manufacturers of the two top-end computer-controlled digital synthesizers was much more successful. Photoelectric sampling systems briefly emerged once again around 1970, with which were largely based on sampling, the Fairlight CMI and the Synclavier, began to extend the digital the small Optigan (which used flexible 30 cm plastic storage capacities of the instruments substantially; in 8. EXPLORATIONS OF SAMPLING BY MUSICIANS the case of the Fairlight this necessitated a new model. They targeted their systems not so much at musicians Apart from commercial productions, a number of but at the commercial recording industry, as 'tapeless one-off instruments and systems based on treatments studios' -thus the relationship between recording sysof prerecorded sounds have been built or adapted by tems and musical instruments based on the same musicians for their own performances. Earlier ones principles came full circle. Speaking clocks also involved storage on disc or film soundtrack, while became digital in the 1980s, such as British Telecom's more recent ones have been based on magnetic tape Chronocal (1984), a sampler in which PCM-encoded or actual sampling machines. Once again only those speech and electronic 'pips' are stored in ROM (Read that use sampled sounds are described here. GramoOnly Memory) and accessed under microprocessor phone records were experimented with (especially by control.
means of reversal of playing direction and speed During the second half of the 1980s sampling changes) in the 1920s and 1930s by composers such became a common part of every manufacturer's elec- constant and variable frequency oscillator sounds are with computing power greatly increasing and at the manipulated by hand. Various hand-held pointed same time becoming much cheaper, the distinction objects replace the gramophone stylus in part of between the two will soon become even more blurred.
Mauricio Kagel's Acustica (1968-70) . Other manipuIt is likely that samplers, which have to date stored lations of records occur in the rhythmic 'scratching' their samples on floppy disks, hard disks or CDs to adopted by disc jockeys in the 1970s, which is only be loaded into RAM (Random Access Memory) one of the wide range of transformation techniques when required, will soon access sounds in real time developed since 1979 by Christian Marclay for his performances with multiple turntables (Cutler 1994 (Davies 1968) . Often an eerie quality was added to the sound Bow Violin (1977) , replacing the hairs on her violin bow, on which they are drawn past a replay head by writing out and recording the music in reverse, mounted on the violin. A similar system was used in then playing the recording backwards, as Jaubert did an early instrument by Michel Waisvisz, where for the cortege-like slow motion pillow fight in Zéro lengths of tape are pulled backwards and forwards de conduite (1933) .
by hand past a replay head mounted on a stand. Even One area within taped electronic music has been shorter prerecorded tape fragments were glued to flat that of quotation from pre-existing music, usually by surfaces and played back by a hand-held replay head other composers, just as in instrumental and vocal in Nam June Paik's Fluxusobjekt (1962), Jon Hassell's works from every type of music in the second half of Map (1967-8) and his quartet Superball (1969), and the twentieth century. More acute problems of copyAkio Suzuki's more recent Lateral Thinking Instruright and plagiarism can be caused, however, because ment; in the two later examples, strips of tape are of its employment of actual recordings (thus involvlined up parallel to each other to form a twoing performers and their record companies in dimensional rectangular block that can be played addition to composers), especially where the quoted back from any direction. Dick Raaijmakers' Der extracts are of more than a couple of seconds in Leiermann (1991) features a complete recording of length, and thus potentially recognisable. Among the Schubert's song of that name, about an organ best known early work in this vein is James Tenney's grinder, played back on a converted reel-to-reel tape Collage No. 1 ('Blue Suede') (1961), which is based recorder on which the tape is spooled through the entirely on Elvis Presley's recording of Blue Suede heads rather unsteadily by turning a crank-handle. Shoes. Around 1970 a Californian composer lost a Commercial digital samplers are now used in the court case brought against him by two of the leading performance of a variety of contemporary compoelectronic music composers in New York for the sitions, in particular in the work of François-Bernard unauthorised use in one of his tape works of extracts Mâche since 1986, including Tempora (1988) for three from their own music. With the advent of digital samsamplers, and in recent works by Michel Waisvisz, plers in the 1980s this became common among record beginning with The Archaic Symphony (1987) ; the producers in popular music, where it was considered sophistication of his control system 'The Hands', worth 'stealing' even a single sound, such as a bass developed since the early 1980s, has also permitted drum, from another record (legend has it that one him in The Voice Catcher from Steim (1994) to prorecord producer sampled someone else's bass drum cess in real time sounds recorded from members of sound only to find that it had in turn been previously an audience in less formal situations. Samplers have sampled from an earlier recording of his own). 
